Understanding the prevalence and structure of higher-order modes (HOMs) in accelerator cavities is critical because their excitation can result in problematic single bunch and multi-bunch results for the ERL model, one of these modes was further studied in the copper prototype ERL cavity. A method of identifying HOMs utilizing existing holes drilled in copper cavity cells was developed and used to conclude that the observed high-Q mode was a quadrupole.
INTRODUCTION
An energy recovery linac (ERL) is a multi-pass accelerator that recirculates high-energy electrons out of phase in order to recover their energy with a high efficiency. Currently, an ampere-class superconducting ERL is under construction at the Collider-Accelerator Department at BNL, comprised of a 5-cell RF cavity and photo-injector RF electron gun, both operating at 703.75 MHz [2] . The facility is a proof-of-principle program serving as a test-bed for an envisioned luminosity upgrade for the Relativistic Heavy Ion Collider (RHIC) via electron cooling. This process involves injecting cold electrons into hot ion bunches, allowing Coulomb scattering to occur, then removing the electrons from the bunches. A schematic of the BNL ERL is given in Fig. 1 .
FIG. 1:
Schematic of the ERL at BNL.
Higher-Order Modes
As in most resonators, accelerator cavities allow the occurrence of modes with propagation constants and transverse intensity profiles different from the design (or "fundamental") mode. These modes occur at higher frequencies than the fundamental mode, and are thus called higher-order modes (HOMs). In an accelerator, the fundamental (T M 010 ) mode has a longitudinal E-field along the cavity axis, which transfers energy in the RF field to kinetic energy in the particle bunch. However, the converse is also true: a charge bunch passing through an accelerator cavity can excite field patterns, and, in the case of off-axis charges, HOMs. These high-frequency resonances are detrimental to accelerator operation because they are a source of beam instabilities, and, in extreme cases, complete beam loss -a condition known as beam break-up (BBU). In superconducting systems, HOMs also result in additional cryogenic losses due to excessive power dissipation in cavity walls. To avoid these concerns, successful damping of HOMs is a critical requirement of accelerators. 
HOM Measurement for the ERL
To properly understand HOM behavior in the ERL cavity, comprehensive measurement and the resulting correspondence to MWS results are needed. Before construction of the niobium 5-cell cavity, 2 copper prototype cavities were fabricated to study many properties of the cavity including field flatness and cavity-to-cavity "crosstalk". These cavities are also useful for HOM study, as their dimensions are identical to the niobium cavity. (It is worth noting, however, that copper-cavity resonance characteristics won't match the operating ERL's exactly due to the measurement at room temperature and fabrication errors that lead to slight differences between cavity geometries.) The copper prototype and niobium cryostat assembly are shown in Figs. 3-4. 
COLD ERL MEASUREMENTS
In March 2010, the ERL cavity was cooled to 4 K for RF testing. Before coupling power into the cavity, HOM measurements were made using the S 21 scheme of a network analyzer connected to the beam position monitor (BPM) ports on each end of the cavity (see Fig. 4 ). A total of 8 HOMs with Qs higher than any previously seen were measured, and are shown in Table I . Characterizing the structure (dipole, quadrupole, etc.) of the HOMs in Table I is critical, since dipoles with Q's of this order are expected to have shunt impedance values (see Appendix) nearing the BBU limit. A plot of the calculated BBU limit for dipoles in the ERL is shown in Fig. 6[4] . However, since the niobium ERL cavity is limited to 3 BPMs on each end, distinguishing between dipoles and any other HOM is impossible.
Alternatively, each cell of the copper prototype cavity has 8 holes (45 • apart) drilled around the outer perimeter. This number is large enough to distinguish HOM structure, so the copper cavity was used for a case study in identifying one of the HOMs from Table I (f = 1.22 GHz). First, a correlation for the resonant nature between the cavities needed to be quantized in the 1.22 GHz region. The correspondence is very good, as seen in Fig. 7 . Some of the coppercavity modes in this plot exhibit mode "splitting", a condition where an asymmetry in the cavity (namely, a slightly elliptical rather than circular shape) causes 2 distinct polarizations of a mode to occur around the normal resonant frequency. The disparity between center frequencies for the HOMs between the cavities are shown in Table II . The center frequency for the split HOMs was used in the calculation. Between cavities, the frequencies of all modes change by less than 3 MHz, indicating a good correlation. To measure the HOM field structure, small conducting probes were made by stripping the outer layer of a coax line sized to the cell holes. One such probe tip is shown in by 180
• each time a node is crossed. This is further illustrated in Fig. 9 . In the copper cavity, one of the 8 holes is needed for the excitation probe, so a total of 7 S 21 measurements can be taken within the cell -enough to distinguish dipoles, quadrupoles, and sextupoles. 
Result of Copper Cavity Measurement
Using the inter-cell phase measurement method described above, the 5 HOMs shown in These results compare favorably with the MWS analysis, which also indicated the occurrence of quadrupoles in this frequency range. The lowest-frequency MWS modes, occurring at 1.220 and 1.223 GHz, were seen to be "trapped" modes, with fields that do not propagate well into the beam tube (Fig. 11) . By comparing S 21 measurements take in 2 configurations: identifying HOMs using a copper prototype ERL cavity was developed and used to study one of these HOMs, which was found to be a quadrupole. The result compared favorably with MWS simulation results. The HOM ID technique could be implemented on the other high-Q resonances measured in the ERL cavity.
